XPS and GDOES characterizations of porous coatings on tantalum after Plasma Electrolytic Oxidation (PEO) at 450 V for 3 minutes in electrolyte containing concentrated (85%) phosphoric acid with calcium nitrate and copper (II) nitrate are described. Based on the obtained data, it may be concluded that the PEO coating consists of tantalum (Ta 5+ ), calcium (Ca 2+ ), copper (Cu 2+ and Cu + ), and phosphates (PO 4 3− ). It has to be pointed out that copper and calcium are distributed throughout the volume. The authors also propose a new model of PEO, based on the derivative of GDOES signals with sputtering time.
Introduction
Tantalum, which was discovered by the Swedish chemist and mineralogist Anders Gustaf Ekeberg in 1802, is a transition metal of grayish-silver color with atomic number and atomic mass equal to 73 and 180.9479, respectively. It is very hard, malleable, and ductile and has excellent corrosion resistance to acids and other strong chemicals. Therefore it is used inter alia in chemical, metallurgy, textile, aerospace, medical, dental, electronic, and optic industries. In case of biomedical applications it is used for surgical clips, bone grafts, and plates for cranioplasty as well as mesh for abdominal wall reconstruction and dental implants [1] . Tantalum [2] [3] [4] [5] as well as niobium [6] [7] [8] [9] , zirconium [10] [11] [12] [13] , and titanium [14] [15] [16] [17] and its alloys [18] [19] [20] [21] [22] [23] [24] may be treated by Plasma Electrolytic Oxidation method, known also worldwide as Micro Arc Oxidation to form porous coating containing chemical compounds dissolved in a solution. The results presented in paper are the first ones and in our opinion interesting for other researchers; in near future we will present the new ones, which will be obtained in electrolytes based on different concentrations of Cu(NO 3 ) 2 and Ca(NO 3 ) 2 in H 3 PO 4 . In addition, it is beneficial to also enrich the porous coatings with antibacterial agent such as copper [25] [26] [27] [28] [29] [30] [31] [32] to speed up wound healing and reduce the risk of infection after surgery.
In the present paper, authors described the porous coating obtained on Ta surface and featuring copper and calcium enrichment in its volume. XPS and GDOES techniques allowed characterizing the in-depth composition and description of the chemical compounds of the obtained PEO coating.
Method

Material.
A set of tantalum samples with Plasma Electrolytic Oxidation (Micro Arc Oxidation) served for the 2 Journal of Spectroscopy study. The samples (from same original material) were cut in the shape of cylindrical specimens of diameter 10 mm with a height of 5 mm. The round top surface of the samples was mechanically polished using SiC abrasive paper with grain of 1000-grit size.
Set-Up and Parameters.
The Plasma Electrolytic Oxidation (PEO) was performed at the DC voltage of 450 ± 10 V during 3 minutes of treatment. The studies were carried out with an electrolyte of initial temperature of 20±2 ∘ C. For these studies, the electrolyte was composed of 300 g Cu(NO 3 ) 2 and 300 g Ca(NO 3 ) 2 in 1 liter of concentrated orthophosphoric acid (85% H 3 PO 4 ). For each run, an electrolytic cell made of glass was used, containing up to 500 ml of the electrolyte. At the beginning the one liter of orthophosphoric acid was warmed up to about 70 ∘ C and the two salts were added. After that the salts were mixed for the time of 6 hours. In that case the colloid, not a solution, was obtained. It has to be also pointed out that just after preparing the electrolyte was used.
SEM and XPS Studies.
The scanning electron microscope Quanta 250 FEI with Low Vacuum and ESEM mode and a field emission cathode to obtaining images of top surface of tantalum after Plasma Electrolytic Oxidation was used. The X-ray Photoelectron Spectroscopy (XPS) measurements on tantalum samples were performed on a SCIENCE SES 2002 instrument using a monochromatic (Gammadata-Scienta) Al K(alpha) (ℎ] = 1486.6 eV) X-ray source (18.7 mA, 13.02 kV). Scans analyses were carried out with an analysis area of 1 × 3 mm and a pass energy of 500 eV with the energy step 0.2 eV and step time 200 ms. The binding energy of the spectrometer has been calibrated by the position of the Fermi level on a clean metallic sample. The power supplies were stable and of high accuracy. The experiments were carried out in an ultrahigh-vacuum system with a base pressure of about 6 ⋅ 10 −8 Pa. The power of the X-ray source was given as follows: 18.7 mA × 13.02 kV = 243.5 W. The pass energy of 500 eV gives an energy resolution of near 1 eV. This high pass energy was chosen to improve the signal to noise ratio in the photoemission spectra. The XPS spectra were recorded in normal emission. For the XPS analyses the CasaXPS 2.3.14 software (Shirley background type) [33] with the help of XPS tables [28] was used. All the binding energy values presented in that paper were charge corrected to C 1s at 284.8 eV. The number of sweeps during the XPS measurements was different for each element, because of different noisiness and amplitude of those signals. Hence, because of strong signals for carbon (C 1s), oxygen (O 1s), and calcium, only 9 sweeps (signal/noise = 3) were performed. In case of P and Ta, for phosphorus (P 2p) and tantalum (Ta 4f, Ta 4d), 16 (signal/noise = 4) and 64 sweeps (signal/noise = 8), respectively, were used. For very weak signals of copper (Cu 2p, Cu LMM), 225 sweeps were done giving a signal to noise ratio (S/N) equaling 15. In case of the two XPS survey spectra, only 1 sweep for each one was performed.
GDOES Studies.
The Glow Discharge Optical Emission Spectroscopy (GDOES) measurements on PEO oxidized tantalum samples were performed on a Horiba Scientific 
Results and Discussion
In Figure 1 , the SEM image is presented. The observed surface of tantalum after plasma electrolytic treatment is not so porous as it was observed on titanium and its alloys. However, the obtained PEO coating is not as flat as after electrochemical polishing and may be used in production of promoters for catalysts or as biomaterial.
In Figures 2 and 3 , survey and XPS spectra, respectively, are shown. It has to be noted that, to understand the chemical composition of the top layer (top 10 nm) of PEO coating, the XPS measurements are necessary. Based on the information from Figure 2 spectra one may note that oxygen (O 1s, O KLL), carbon (C 1s), phosphorus (P 2s, P 2p), calcium (Ca 2p, Ca 3p, Ca 3s), copper (Cu 2p), and tantalum (Ta 4f, Ta 4d, Ta 5s, Ta 5p) were found out. Because the copper (Cu 2p) signal was very weak, the Auger copper peak (Cu L 3 M 4,5 M 4,5 ) was not visible after 1 sweep survey scan.
In order to find the oxidation states of all elements and to calculate the chemical composition of the top 10 nm of the PEO coating, it was necessary to perform XPS high-resolution studies. The results of those high-resolution XPS measurements are demonstrated in Figure 3 . Carbon, which most probably originates from the purification process (C 2 H 5 OH) and the atmosphere (CO 2 ), should be treated as a contamination. However, it is necessary for the calibration process of all spectra (the signal of C-C/C-H bonding must be set at 284.8 eV) and because of interpretation process, with the use of data from reference XPS bases. On the basis of information from Figure 3 , it can be stated that the top 10 nm of PEO coating consists of phosphates of tantalum and/or calcium and copper, the binding energy for phosphorus (P 2p) is 134 eV, and that of oxygen (O 1s) is 513.8 eV. The binding energy of calcium (Ca 2p), which equals 347.5 eV, suggests that calcium is on the second stage of oxidation (Ca 2+ ) and occurs most likely as CaHPO 4 and/or Ca 3 (PO 4 ) 2 [27, 28] . In order to find the oxidation stages of copper as well as differentiate Cu 0 from Cu + and Cu 2+ , the regions of the spectra, that is, Cu 2p and Cu L 3 M 4,5 M 4,5 [29] [30] [31] [32] [33] , have to be studied. Based on binding energies of Cu 2p spectra and their modified Auger parameters (MAP), which are equal to 935.3 eV (MAP = 1850.9 eV) and 936.6 eV (MAP = 1851.6 eV), and their satellites with binding energies equaling 939.8 eV and 944 eV, it is possible to state surely that copper is on the second stage of oxidation (Cu 2+ ). However, the Cu 2p binding energy equaling 933 eV with the modified Auger parameter amounting to 1848.6 eV corresponds to Cu + .
The spectrum of Ta 4f binding energy region may be deconvoluted into two peaks, which are centered at 27.1 eV (Ta 4f 7/2 ) and 28.9 eV (Ta 4f 5/2 ), which may suggest that tantalum is on the fifth stage of oxidation (Ta 5+ ). Based on this information, from XPS data, complex formulae should contain tantalum, calcium, and copper phosphates which may be representative for the studied PEO coating.
In Tables 1 and 2 , the chemical compositions of PEO layer are presented, wherein in the first one are presented results containing outer carbon-and biocontaminations sublayer. Table 2 contains calculated values without oxygen (O 1s) and carbon (C 1s). Based on these data, it is possible to conclude that the top 10 nm layer of PEO coating consists mainly of calcium phosphates with some tantalum and/or copper phosphates. It is a very good result because the human bone is containing mainly hydroxyapatite, which consists generally of Ca 2+ and PO 4 3− . The additional doping with copper provides additional antibacterial properties for the coating that is necessary because of high amount of microbes in live organism during surgery. It has to be pointed out that Cu 2+ ions, normally located within hydroxyapatite-(HA-) structure [Ca 5 (PO 4 ) 3 (OH) or Ca 10 (PO 4 ) 6 (OH) 2 ], are randomly substituted (or superimposed) by Cu 2+ [35] coming from the electrolyte.
In Figure 4 , the GDOES depth profile results of tantalum, phosphorus, oxygen, copper, calcium, hydrogen, and nitrogen on one graph, are shown. Important is to remember that the curves presented in Figure 3 are not in atomic nor weight percentage but only show the relative light intensities of GDOES signals multiplied by 10, 1.5, 1, 1.5, 1.5, 1.13, and 7 for hydrogen, nitrogen, oxygen, calcium, phosphorus, tantalum, and copper, respectively (qualitative depth profiles). By the same token the -axis displays the erosion time and not directly the depth (as it is difficult to precisely estimate rough, porous materials).
The signals were scaled on the model describing the coating obtained on tantalum by PEO. From these GDOES signals, it is possible to find out three sublayers. The firsttop one (0-40 s by sputtering time) is containing the smallest amount of tantalum and calcium and the highest amount of phosphorus, copper, oxygen, nitrogen, and hydrogen. The second one (40-80 s by sputtering time) is semiporous and enriched in calcium, copper, and oxygen. The next sublayer, transition one (80-300 s by sputtering time), has local maxima of phosphorus and hydrogen, which maybe reveal the presence of molecules of water or phosphoric acid inside that sublayer.
To find out all the sublayers, based on Figure 4 , the derivatives by sputtering time of the GDOES signals were calculated and are presented in Figure 5 , for phosphorus, copper, oxygen, nitrogen, tantalum, and calcium along with their derivatives, respectively. Based on that mathematical analysis of these signals, it was possible to find the three sublayers: the first-top one (from 0 till about 40 s), the second one (from about 40 s till about 80 s), and the third one (from about 80 s till about 300 s). The last sublayer, which is deeper than 300 s of sputtering process, is a transition layer, in which all signals of electrolyte elements, that is, phosphorus, calcium, copper, oxygen, and nitrogen, are decreasing and the tantalum signal is the only increasing one up to the matrix level. A decreasing of oxygen and nitrogen may be found for depths related to sputtering times from 80 s till 300 s that should be recognized as a transition zone. However, it has to be noted that the derivatives of oxygen and nitrogen signals have the same inflection points, that is, about 125 s, what may suggest that distribution of these elements in the sublayer takes place along two different curves; that is, that the sublayer may be divided into two additional parts, where the second one is thicker and less enriched in oxygen and nitrogen than the first one. Based on the oxygen and nitrogen GDOES signals and their derivatives, it can be stated that an additional sublayer boundary may be determined by the inflection points of these two curves. Similar information can be taken out from the copper and calcium signals and their derivatives. In case of copper, two regions are visible, that is, an enriched one, observed from the top to depth related to sputtering time that equals 150 s, and a depleted zone for deeper layers. The calcium signal at the top sublayer was small and reached the Following the obtained GDOES results, it may be concluded that measured sputtering times related to depths of sublayers' boundaries are not only 40 s, 80 s, and 300 s, as it was found on the basis of Figure 4 , but also 125 s, 150 s, and 270 s, what has been confirmed by the derivatives of the GDOES signals presented in Figure 5 . The top layer, located in the sputtering time range of 0-40 s, is containing the minimum amounts of tantalum and calcium and the highest amounts of phosphorus, copper, oxygen, nitrogen, and hydrogen. The second one, which is located in the sputtering time range of 40-80 s, is semiporous and enriched in calcium, copper, and oxygen. The third one (80-300 s) consists of a local maxima of phosphorus as well as of hydrogen, what may be interpreted as molecules of water or phosphoric acid inside that sublayer. Moreover, that layer consists of four zones.
The fist zone appears to be for the sputtering time 80-125 s, with the enrichment of calcium, copper, and oxygen signals and depletion of tantalum and hydrogen ones. In that zone, the increase of phosphorus and decrease of nitrogen signals are recorded. In the second zone (125-150 s), the maximum of phosphorus signal is noted as well as increase of tantalum and hydrogen signals and decrease of calcium, copper, oxygen, and nitrogen ones. In the next zone, that referred to the sputtering time between 150 s and 270 s, a maximum of hydrogen signal was recorded. In addition, the signals of calcium, copper, phosphorus, oxygen, and nitrogen have a decreasing trend, while the tantalum one has got a growing trend. The last zone of the third sublayer, related to the sputtering time equaling 270-300 s, includes an area in which all the signals have decreased, except that of tantalum.
Conclusion
Based on the XPS results, it has to be stated that PEO coating on Ta consists mainly of tantalum phosphate with some amount of calcium and/or copper phosphates. The tantalum (Ta 5+ ), calcium (Ca 2+ ), copper (Cu + and Cu 2+ ), and phosphorus (PO 4 3− ) were found out in the top layer of PEO coating. Hence, most likely the complex formulae contain tantalum, calcium, and copper phosphates, to describe the chemical compounds of the obtained PEO coating.
